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An over-massive black hole in the compact
lenticular galaxy NGC1277
Remco C. E. van den Bosch1,2, Karl Gebhardt2, Kayhan Gu¨ltekin3, Glenn van de Ven1, Arjen van der Wel1 & Jonelle L. Walsh2
All massive galaxies likely have supermassive black holes at their
centers, and the masses of the black holes are known to correlate
with properties of the host galaxy bulge component1. Several ex-
planations have been proposed for the existence of these locally-
established empirical relationships; they include the non-causal,
statistical process of galaxy-galaxy merging2, direct feedback be-
tween the black hole and its host galaxy3, or galaxy-galaxy merg-
ing and the subsequent violent relaxation and dissipation4. The
empirical scaling relations are thus important for distinguishing
between various theoretical models of galaxy evolution5,6, and they
further form the basis for all black hole mass measurements at
large distances. In particular, observations have shown that the
mass of the black hole is typically 0.1% of the stellar bulge mass
of the galaxy7,8. The small galaxy NGC4486B currently has the
largest published fraction of its mass in a black hole at 11 per
cent 1,9. Here we report observations of the stellar kinematics
of NGC 1277, which is a compact, disky galaxy with a mass of
1.2 × 1011 M. From the data, we determine that the mass of
the central black hole is 1.7 × 1010 M, or 59% its bulge mass.
Five other compact galaxies have properties similar to NGC 1277
and therefore may also contain over-sized black holes. It is not
yet known if these galaxies represent a tail of a distribution, or if
disk-dominated galaxies fail to follow the normal black hole mass
scaling relations4,10.
Direct black hole mass measurements often rely on obtaining spa-
tially resolved stellar or gas kinematics within the region over which the
black hole dominates the gravitational potential, the so-called sphere-of-
influence. We have obtained long-slit spectroscopy of 700 nearby galax-
ies with the Marcario Low Resolution Spectrograph11 on the Hobby-
Eberly Telescope to find suitable targets for direct black hole mass
measurements (see SI). As shown in Table 1, six of these galaxies have
very peculiar properties; they have velocity dispersion σ > 350 km s−1
and half-light radii Re < 3 kpc. It is unusual for such small galaxies to
have such large dispersions, signifying an unusually high central mass
concentration: a simple virial mass estimate indicates that the central
200 parsec contains more than 10 billion solar masses which is one
hundred times more than typical for galaxies of the same size.
Black hole masses can be measured directly by fitting self-consistent
Schwarzschild models12 to spatially resolved spectroscopy and high res-
olution imaging. Incidentally, archival Hubble Space Telescope (HST)
imaging is available for one of these six dense galaxies, NGC 1277.
Based on the HST imaging (Figure 1) and the stellar kinematics (Fig-
ure 3) we constructed 600 000 orbit-based models using iterative refine-
ment to search parameter space13, 14. The best-fit model is then found
by marginalizing over all parameters: the stellar mass-to-light ratio, the
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black-hole mass, and the dark halo15. The confidence intervals are de-
termined with the goodness-of-fit statistic χ2. We measure a black-hole
mass of 17±3×109 M and total stellar mass of 1.2±0.4×1011 M,
with 1σ confidence intervals based on ∆χ2 = 1 after marginalizing
over the dark halo parameters (see SI.). The black hole in NGC 1277 is
one of the most massive black holes to be dynamically confirmed, and
moreover has a mass fraction of 14 per cent of the total stellar mass in
this galaxy.
No galaxy has previously been seen with such a large ratio of black-
hole mass to stellar mass. Due to the strong disk-like rotation (Fig. 3)
and the lack of an unambiguous bulge in NGC 1277 (Fig. 1), it is difficult
to place it on the relation between black-hole mass and bulge luminosity.
The central pseudo-bulge contains 24% of the light (see Figure 1) and
black hole-to-bulge mass fraction is 59 per cent. As shown in Fig 2,
NGC 1277 is a significant outlier from the black-hole-bulge relation by
two orders of magnitude. At a fixed bulge luminosity of 3–10× 1010
LK,, dynamical black-hole-mass measurements now range over four
orders of magnitude, from 106 to 1010 M, showing that (pseudo-)bulge
luminosity is not a good predictor for black-hole mass.
We now place NGC1277 on the relation between black-hole mass
and velocity dispersion (M•–σ). The average velocity dispersion inside
the half-light radius (2.8′′) and outside the Sphere-of-Influence (1.6′′)
for NGC 1277 is σ = 333 km s−1, based on a reconstruction of the
best-fit orbit-based model. For this σ, the most recent inferred relation17
predicts a black-hole mass of 2.4× 109 M, so the measured value is
almost one magnitude higher, or a 2.1σ outlier relative to the intrinsic
scatter in the M•–σ relation1.
Besides NGC1277, NGC 4486B9 and Henize 2-1018 are known to
lie significantly above the relations. At the same time, at least 3 galaxies
are known to lie significantly below the relations, too10, 19, 20. We do not
yet know if these over-massive and under-massive black holes are just
the tail of a relatively narrow distribution of joint black-hole–galaxy
properties, or if they demonstrate non-universality. Only through more
black hole measurements, including those in the other five compact
galaxies with high velocity dispersions, we will be able to establish the
cause of the black-hole–galaxy connection.
A stellar population analysis of NGC127721 indicates there are
only old (& 8 Gyr) stars present and there has not been any recent star
formation. The black hole must thus have been in place since that time,
as a scenario where black hole accretion happens without significant
star formation or the formation of a (classical) bulge is highly unlikely.
Furthermore, there is no strong evidence that NGC1277 has been tidally
stripped, as its isophotes are extremely regular and disky and appears
to have a normal dark matter halo inferred from the dynamical model,
and at large radii the rotation curve is flat out to five times the half-light
radius.
Whereas the six compact galaxies presented in Table 1 are unusual
and rare in the present-day universe, they are, interestingly enough,
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Figure 1 | Optical Hubble Space Telescope image of the compact lenticular galaxy NGC1277. The image is shown with a logarithmic stretch and is 19 × 8
kpc, with north pointing up and east to the left. In this high resolution optical image the galaxy has a half-light radius of 1 kpc, is strongly flattened, and disky. It
is immediately clear that a superposition of multiple galaxies does not explain the high velocity dispersion. NGC 1277 has a small regular nuclear dust disk with an
apparent axis ratio of only 0.3, which indicates that we see the galaxy close to edge-on. Through a multi-component fit16 to the HST image, we identify the inner
component, with a half-light-radius of 0.3 kpc and a Sersic index of n ' 1 as a pseudo-bulge, that contains 24% of the light. For the dynamical modelling we construct
a three-dimensional luminous mass model of the stars by de-projecting the two-dimensional light model from the HST image. Then, the gravitational potential is
inferred from the combined luminous mass, black hole mass, and dark matter halo. In this potential representative orbits are integrated numerically, while keeping track
of the paths and orbital velocities of each orbit. We then create a reconstruction of the galaxy by assigning each orbit an amount of light, so that the model recreates the
total light distribution, while simultaneously fitting the long-slit stellar kinematics observed with the Hobby-Eberly Telescope (Fig. 3). The models include the effect
of the Earth’s atmosphere and the telescope optics without any a priori assumption on the orbital configuration. See SI. See an animation of the orbits in this galaxy at
http://mpia.de/˜bosch/blackholes.html
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Figure 2 | The correlation of black hole mass and near-infrared bulge lumi-
nosity. The black line shows the black-hole-mass–bulge-luminosity relation8 for
galaxies with a directly measured black hole mass. NGC 1277 is a significant pos-
itive outlier. In addition to the galaxies (black dots) to which the relation has been
fitted8, nine black hole masses9, 17, 20 have been added with 2MASS K-band bulge
luminosities. The error bars denote 1σ uncertainties, except for the NGC 1277
bulge luminosity, where we use its total luminosity as a conservative upper limit.
quantitatively similar to the typical red, passive, galaxies at much earlier
times (at redshifts z ∼ 2): those are also found, on average, to be smaller
than similarly massive galaxies in the present-day universe22, possi-
bly possess high velocity dispersions23, and generally have a disk-like
structure24. Perhaps the compact systems we found are local analogues
of these high-redshift galaxies.
Received 4 May; accepted 13 September; published November 29 2012
1. Gu¨ltekin, K. et al. The M-σ and M-L Relations in Galactic Bulges, and Determinations
of Their Intrinsic Scatter. Astrophys. J. 698, 198–221 (2009). ADS.
2. Jahnke, K. & Maccio`, A. V. The Non-causal Origin of the Black-hole-galaxy Scaling
Relations. Astrophys. J. 734, 92 (2011). ADS.
3. Fabian, A. C. The obscured growth of massive black holes. Mon. Not. R. Astron.
Soc. 308, L39–L43 (1999). ADS.
4. Kormendy, J., Bender, R. & Cornell, M. E. Supermassive black holes do not correlate
with galaxy disks or pseudobulges. Nature 469, 374–376 (2011). ADS.
5. Croton, D. J. et al. The many lives of active galactic nuclei: cooling flows, black holes
and the luminosities and colours of galaxies. Mon. Not. R. Astron. Soc. 365, 11–28
(2006). ADS.
6. Somerville, R. S., Hopkins, P. F., Cox, T. J., Robertson, B. E. & Hernquist, L. A
semi-analytic model for the co-evolution of galaxies, black holes and active galactic
nuclei. Mon. Not. R. Astron. Soc. 391, 481–506 (2008). ADS.
7. Ha¨ring, N. & Rix, H.-W. On the Black Hole Mass-Bulge Mass Relation. Astrophys. J.
604, L89–L92 (2004). ADS.
8. Sani, E., Marconi, A., Hunt, L. K. & Risaliti, G. The Spitzer/IRAC view of black
hole-bulge scaling relations. Mon. Not. R. Astron. Soc. 413, 1479–1494 (2011). ADS.
9. Magorrian, J. et al. The Demography of Massive Dark Objects in Galaxy Centers.
Astron. J. 115, 2285–2305 (1998). ADS.
10. Nowak, N. et al. Do black hole masses scale with classical bulge luminosities only?
The case of the two composite pseudo-bulge galaxies NGC 3368 and NGC 3489.
Mon. Not. R. Astron. Soc. 403, 646–672 (2010). ADS.
11. Hill, G. J. et al. Hobby-Eberly Telescope low-resolution spectrograph. Proc. Soc.
Photo-Opt. Instrum. Eng., 3355, 375–386, 375–386. ADS.
12. Schwarzschild, M. A numerical model for a triaxial stellar system in dynamical
equilibrium. Astrophys. J. 232, 236–247 (1979). ADS.
13. van den Bosch, R. C. E., van de Ven, G., Verolme, E. K., Cappellari, M. & de Zeeuw,
P. T. Triaxial orbit based galaxy models with an application to the (apparent) decou-
pled core galaxy NGC 4365. Mon. Not. R. Astron. Soc. 385, 647–666 (2008). ADS.
14. van den Bosch, R. C. E. & de Zeeuw, P. T. Estimating black hole masses in triaxial
galaxies. Mon. Not. R. Astron. Soc. 401, 1770–1780 (2010). ADS.
15. Navarro, J. F., Frenk, C. S. & White, S. D. M. The Structure of Cold Dark Matter
Halos. Astrophys. J. 462, 563 (1996). ADS.
16. Peng, C. Y., Ho, L. C., Impey, C. D. & Rix, H.-W. Detailed Structural Decomposition
of Galaxy Images. Astron. J. 124, 266–293 (2002). ADS.
2
-300
-200
-100
0
100
200
300
V 
(km
/s)
V 
(km
/s)
a
17×109 Msun BH
 1×108 Msun BH
NGC1277
100
200
300
400
σ
 
(km
/s)
seeing
b
-0.2
0.0
0.2
h 3
c
-6 -4 -2 0 2 4 6
x (kpc)
-0.2
0.0
0.2
h 4
d
Figure 3 | Line-of-sight stellar kinematics of NGC1277. The stellar kinemat-
ics as observed with the Marcario Low Resolution Spectrograph11 on the Hobby-
Eberly Telescope, shown with the 1σ error bars, were measured25 at 31 locations
along the major axis of NGC 1277 (See SI.). Panels a,b,c and d, from top to bot-
tom, show the mean velocity, velocity dispersion, and higher-order Gauss-Hermite
velocity moments26 h3 and h4, representing skewness and kurtosis, respectively.
The kinematics show a remarkably flat rotation curve and a dispersion profile that
strongly peaks toward the center. The best-fit Schwarszchild model (black line)
has a 17 × 109 M black hole. The relation between black-hole mass and host
luminosity predicts a 108 M black hole, but the corresponding model (red dot-
dashed line) does not fit the data at all. The telescope resolution (seeing 1.6′′
FWHM) is indicated in panel b and is sufficient to resolve the Sphere-of-Influence
of the black hole.
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Object Distance σc Re,K Luminosity 
(Mpc) (km s−1) (kpc) log(LK ) (1− b/a)
(1) (2) (3) (4) (5)
ARK90 131 392±4 1.6 11.2 0.7
NGC1270 69 393±3 1.8 11.2 0.8
NGC1277 73 403±4 1.6 11.1 0.5
UGC1859 82 362±4 2.0 11.2 0.6
UGC2698 89 397±3 2.7 11.4 0.7
MRK1216 94 354±4 1.9 11.2 0.6
Table 1 | Global properties of the six compact, high-dispersion galaxies. The
six galaxies presented here were observed with the Marcario Low Resolution
Spectrograph11 on the Hobby-Eberly Telescope as part of a large survey program.
We targeted galaxies from the Two Micron All Sky Survey (2MASS) extended
source catalog27 that are expected to have the largest Sphere-of-Influence. Our
predictions of the Sphere-of-Influence assume that the galaxies follow the rela-
tion between black-hole mass and host galaxy velocity dispersion1. For those
2MASS galaxies without a velocity dispersion value from the literature, we used
an estimate based on the Fundamental Plane relation between galaxy size, surface
brightness and velocity dispersion28. See the SI for for more information on the
survey. The columns show the near-infrared properties (1) Distance from Hub-
ble flow. (2) Stellar velocity dispersion extracted from a central aperture. (3,4,5)
2MASS27 half-light radius, total luminosity and apparent ellipticity.
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Supplementary Information
This Supplementary Information consists of four parts. The first
part describes the HET Massive Galaxy Survey, and is followed by a
description of the stellar kinematics. The third section shows the analysis
of the HST photometry, and finally the results from the dynamical
models are described in the last section.
Throughout we adopt a Hubble constant H0 = 70 km s−1Mpc−1,
a cosmological matter fraction of Ωm = 0.3, an angular diameter
distance for NGC 1277 of 73 Mpc, and a luminosity distance modulus
of M −m = 34.39. At this distance, 1′′ corresponds to 353 pc.
1 HET Massive Galaxy Survey
Most massive nearby galaxies do not have a stellar velocity dispersion
σ measured, and even if they do, the amalgamated literature is often
unreliable. The HET Massive Galaxy Survey is designed to remedy
this and provide a census of the nearby massive galaxies. This multi-
trimester program on the Hobby-Eberly Telescope29 (HET) is targeting
the nearest galaxies with the highest expected stellar velocity dispersions
with the Marcario Low Resolution Spectrograph11 (LRS). The survey is
still ongoing, and thus we only present a brief summary here.
The targets are selected from a master catalog, which is made
up of all 13000 sources brighter than mKs < 11 in the 2MASS
extended source catalog27 and are visible from the HET location
(−10 < δ < 74◦). This catalog is cross-matched with redshift-
based distances from the NASA Extragalactic Database (NED) and
the 2MASS redshift survey30 as well as redshift-independent distances
from NED-1D. Literature stellar velocity dispersions have been obtained
from HyperLeda31 and SDSS NYU-VAGC32, 33. The Fundamental Plane
relation between galaxy size, surface brightness, and velocity disper-
sion is used to predict the velocity dispersion when no literature value
exists. With the combination of the near infrared fundamental plane
parameters28, luminosities and sizes from 2MASS, and foreground
galactic extinction corrections, we found that the velocity dispersion can
be predicted with an accuracy of 35 km s−1. From this master-catalog
the survey targets those galaxies with the largest Sphere-of-Influence
RSOI =
GM•
Dσ2
, given their distance D and black hole mass M• as
predicted from the M•–σ relation1. No criteria on galaxy type are
applied.
2 Long-Slit Stellar Kinematics
The LRS is a straightforward optical long slit spectrograph with a slit
length of 4′ and a 3k×1k CCD. We used the g2 grating (covering 4200-
7400 A˚), 2×2 binning, and a slit width of 1′′, yielding an instrumental
resolution of 4.8 A˚ FWHM, which is an instrumental dispersion of
108 km s−1, as measured from the night sky lines. For each galaxy we
typically obtained a single 15 minute exposure along the major axis. In
our survey the average image quality is 2′′ FWHM.
In each exposure the spurious pixels are masked using a bad pixel
map and Lacosmic34 for the cosmic rays. The frames are overscan and
bias subtracted, and then flat fielded. The data is then interpolated in
one step onto a frame linear in spatial direction and log-wavelength,
using the wavelength solution from the nightly arc lamps and a spatial
distortion map from a dedicated pinhole exposure. A variance (error)
frame is propagated in the same way. During an exposure the effective
aperture of the HET continually changes, which affects the throughput
along the spatial direction. We correct for the throughput change using
the apparent brightness of the sky lines in each science exposure.
The central stellar absorption line kinematics are extracted by apply-
ing pPXF25 with 120 stellar templates from the MILES library35, 36 to
the observed spectra within a 1.5×1′′ aperture centered on the brightest
pixel in the slit. The stellar kinematics and their errors are determined
using 200 Monte Carlo simulations per spectra. When present, emis-
sion lines are detected using GANDALF37. Inside the central aperture
the S/N is typically over 100, resulting in robust velocity dispersion
measurements. We have 73 galaxies in common with the NYU-VAGC
and we found excellent agreement with their dispersion measurements
(6% standard deviation) when measured inside a similar 3′′ diameter
aperture.
For the dynamical modeling of NGC 1277, we obtained a separate
15 minute exposure with the 1′′ slit along the major axis in good weather
and seeing conditions. This allowed us to confirm our earlier measure-
ment and to probe the kinematics at larger radii. To ensure reliable
extraction we combine spatial rows into bins with a minimum signal-
to-noise of 35. The stellar kinematics are then extracted up to fourth
Gauss-Hermite moment26 in each bin. In the outer bins the dispersion
is too low for a reliable extraction of the Gauss-Hermite moment, and
they are thus omitted from these fits.
The positioning and PSF of the observations are critically important
for obtaining a reliable dynamical black-hole-mass measurement. For
instance, if the PSF is underestimated, the black hole mass would be
underestimated as well. Because the luminosity model (See next section)
is based on the high resolution HST image, it can be used to reconstruct
the PSF and positioning of the slit a posteriori. We iteratively fitted
the reconstructed slit image to the MGE model convolved with a PSF
consisting of multiple round Gaussians. We found that a two-component
Gaussian PSF was required for an adequately reconstructed slit image.
The two Gaussians in the best-fit PSF have dispersions of 0.62′′ and
2.8′′, with a fraction of 66 and 34%, respectively. The FWHM of this
two-component PSF is 1.6′′. The best-fit single-Gauss model for the
PSF has a dispersion of 0.78′′, and is much more compact. Using this
PSF in the dynamical modeling reduces the black hole mass by 6%,
which is well within our 1σ confidence interval.
3 HST /ACS Photometry
There is archival imaging available of NGC 1277 from the NASA/ESA
Hubble Space Telescope, which was retrieved from the Hubble Legacy
Archive, which is a collaboration between the Space Telescope Sci-
ence Institute (STScI/NASA), the Space Telescope European Coordinat-
ing Facility (ST-ECF/ESA) and the Canadian Astronomy Data Centre
(CADC/NRC/CSA). These observations are associated with program
GO:10546 (PI:Fabian) and are in the F550M (narrow V) and F625W
(Sloan r) filters. From these high resolution images it is immediately
clear that a superposition of multiple galaxies does not explain the
high velocity dispersion. With Galfit16 we construct a Multi Gauss
Expansion38 (MGE) model of NGC 1277 in a joint fit with neighboring
galaxy NGC 1278, a giant elliptical galaxy at an angular separation of
47′′. In addition, all other sources in the frame are masked by gener-
ously large apertures and ignored in the fit. The resulting MGE is a
two-dimensional representation of the light distribution of NGC1277,
consisting of 10 co-axial Gaussian components (see Table S1). For our
photometric analysis, we used a reconstructed point spread function
obtained with the TinyTim package39, replicating the dither pattern of
the separate exposures.
NGC 1277 is a lenticular (S0) galaxy which is flattened, cuspy, and
has a small central regular dust disk that is seen nearly edge-on: its semi-
major axis length is 0.13 kpc, and apparent axis ratio is 0.3. Assuming
that the dust ring is in the equatorial plane of this disk galaxy, it suggests
that the inclination of the galaxy is 75◦.
We also performed a single-component Sersic model fit with Galfit,
in the same way as the MGE. The best-fitting single-component model
has a Sersic index n = 2.2, a circularized half-light radius of Re =
1.0 kpc, and a projected axis ratio of b/a = 0.61. The ellipse that
contains half of the light has a major axis of R1/2 = 1.2 kpc. The
inclination of the dust-ring in combination with the projected axis ratio
of the overall light distribution, under the assumption of oblateness,
4
implies that the intrinsic short-to-long axis ratio is ∼0.4.
However, a single component Sersic model is not a good represen-
tation of the data, and we improved the photometric model by adding
multiple components. A good fit is achieved when combining four
Sersic components. These represent the following features: 1) a central
cusp with R1/2 < 100 pc that accounts for 3% of the total luminosity;
2) an inner round n ' 1 component withR1/2 = 0.3 kpc, that accounts
for 24%; 3) an outer flatter n ' 1 component with R1/2 = 1.5 kpc that
accounts for 53%; and 4) a rounder ( ' 0.6), low-n halo component
with R1/2 = 4.4 kpc that accounts for 20%. None of these components
has a high Sersic index—a classical bulge appears to be entirely absent.
The total F550M magnitude, corrected for galactic extinction (0.545
mag) is 13.40 in the AB system, corresponding to an absolute V band
magnitude of −21.0.
4 Schwarzschild Models
Black hole masses are most often measured using Schwarzschild
orbit-superposition models12 of the stellar kinematics. The triaxial
Schwarzschild code used here is described in detail and the recovery of
the internal dynamical structure, or distribution function, intrinsic shape
and black hole mass all validated in a series of papers13, 14, 40–42.
The apparent flatness and disky appearance of the galaxy indicates
that the galaxy must be (nearly) axisymmetric and seen close to edge-on.
The strong rotation observed around the short axis, indicates that this
galaxy must be (nearly) oblate axisymmetric. In our luminosity model
the flattest Gaussian has an axis ratio of 0.4, which indicates that this
galaxy can not be seen much more face-on that than 70◦ as it would
otherwise be very elongated, or triaxial and intrinsically much flatter
than it appears. Prolate shapes are ruled out due to strong rotation seen
around the (apparent) short axis.
We also assume that mass-to-light ratio of the stars is constant,
which is justified by the lack of strong color gradients in the photometry.
The remaining variables are black hole mass, mass-to-light ratio and the
dark halo. For the dark matter, we used a two-parameter spherical NFW
halo15 with densities of 10−5 < ρ0 < 10 M pc−3 and scale radii
of 1 < Rs < 2000 kpc. We also probed models without dark matter.
In total there are thus only 4 free parameters in these models: black
hole mass, mass-to-light ratio and two from the dark halo. We used
iterative refinement to localize the minimum in parameter space and
then found the location of the confidence intervals by iteratively doing
small orthogonal steps around all reasonable models in all possible
directions until convergence was reached. To explore parameter space,
we ran over 600 000 models on the THEO supercomputer of the Max
Planck Institute for Astronomy, hosted at the Rechenzentrum of the Max
Planck Society in Garching.
The resulting mass distribution has a stellar dynamical V-band mass-
to-light ratio of 6.4+2.2−0.8 M/LV and a black hole mass of 17±3×109
M (Fig. S1). The best-fitting NFW halo has ρ0 = 0.027 M pc−3
and Rs=26 kpc, but the DM halo is only marginally constrained: the
best-fitting model without a dark halo is within 3σ with ∆χ2 of only
6.3. The confidence intervals of the dark matter content are shown in
Fig. S2. The dark matter becomes the dominant component at 20′′,
which is at the limit of our long slit observations. The dark matter could
thus be better constrained with kinematic tracers at large radii. The orbit
distribution of the best-fit model is mildly anisotropic, σr/σθ = 0.8,
and is almost constant as a function of radius.
By comparing the total dynamical mass, derived from the kinemat-
ics, to the total spectrophotometric stellar mass, the stellar population
can be constrained, because the total mass-follows-light mass is an
upper limit to the total stellar content. From the dynamical model we
found a mass-follows-light mass of 1.2 × 1011 M which is in good
agreement with 1.5×1011 M based on spectral synthesis of the SDSS
spectrum21 with Bruzual & Charlot stellar population models43 and a
Supplemental Figure 1 | Goodness-of-fit contours for 600 000 dynamical models
(black dots) of NGC 1277 with different V -band mass-to-light ratios and black
hole masses, after marginalizing over the dark halo parameters; i.e. for every
combination of M/L and M• the best-fitting dark matter halo is chosen. The
contours indicate 1σ (red), 2σ, 3σ (red, thick), 4σ and 6σ confidence levels for
one degree of freedom.
Supplemental Figure 2 | Enclosed mass as function of radius as inferred from the
dynamical models of NGC 1277. The solid line indicated the best-fit model and
the dashed lines the 68% confidence interval. Inside 1.6′′the black hole mass dom-
inates, then the stars take over until 20′′, where the dark matter density becomes
larger than the stellar density. The dark matter content is not well constrained
because the stellar kinematics only reach out to 20′′.
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Supplemental Figure 3 | Goodness-of-fit contours for the subset of dynamical
models without dark matter of NGC 1277 (black dots) with differentV -band mass-
to-light ratios and black hole masses. The contour levels are the same as in Fig. S1.
The best-fitting model without dark matter has ∆χ2 offset of 6.3 (2.5σ) compared
to the overall best-fit with dark matter. With this conservative choice of no-dark
matter the black hole mass decreases by less than 2σ.
Chabrier44 initial stellar mass function (IMF). This mass estimate is
also in agreement with the spectro-photometric mass45 derived from
multi-band SDSS photometry. A Salpeter IMF would increase the stellar
mass-to-light by at least 60% to 9.6 M/L,V , which is strongly ruled
out (Fig. S1).
The best-fitting model is a good fit to the data. The model accurately
reproduces the flat rotation curve and dispersion profile, including the
central peak. To check if there was a better minimum at black hole mass
below 108 M that was missed by our iterative search, we restarted the
parameter search and enforced this upper limit. The resulting optimal
model is a very poor fit to the kinematics and is strongly ruled out.
To investigate the model dependence on the dark matter, we show the
constraints on the M/L and black hole mass for subset of models
without dark matter in Fig. S3. This conservative estimate only lowers
the measured black hole mass by less than 2σ. The high velocity
dispersion peak can also not be caused by a nuclear stellar cluster as
there is no strong colour gradient seen in either the SDSS or the HST
images. Future high-resolution spectroscopy is required to study exotic
possibilities, such as an exponentially rising IMF.
The black hole is easily resolved by these observations. The radius
at which the total enclosed mass of stars is equal to the black hole mass
is 1.6′′, as shown in Fig. S2. To illustrate the effect of the black hole on
the kinematics, we also show a model with a smaller 108 M black hole
in Fig. 3. This model has the same dark halo and mass-to-light ratio as
the best-fit model and it fails to reproduce the central dispersion profile.
The HET long-slit kinematics can thus reliably resolve the black hole in
NGC 1277.
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xb xe V σ h3 h4
(arcsec) (arcsec) (km s−1) (km s−1)
-22.87 -13.94 -205.47±30.25 52.43±66.41 - -
-13.94 -9.71 -248.56±16.49 109.19±35.82 - -
-9.71 -7.83 -262.10±15.39 152.08±22.92 - -
-7.83 -6.42 -283.81±13.32 170.37±21.11 - -
-6.42 -5.48 -306.36±15.91 165.06±17.29 0.09±0.09 0.21±0.06
-5.48 -4.54 -273.66±14.50 186.12±18.34 0.09±0.08 0.12±0.06
-4.54 -4.07 -259.05±21.70 175.08±23.93 0.05±0.09 0.16±0.11
-4.07 -3.60 -263.14±17.36 202.04±28.02 0.08±0.07 0.12±0.10
-3.60 -3.13 -259.07±18.79 212.23±33.89 0.13±0.08 0.12±0.12
-3.13 -2.66 -255.88±16.05 235.80±21.71 0.09±0.06 0.03±0.06
-2.66 -2.19 -228.79±14.64 269.55±15.48 0.09±0.05 0.02±0.06
-2.19 -1.72 -218.96±11.62 288.97±14.52 0.08±0.04 0.03±0.04
-1.72 -1.25 -199.93±12.57 313.87±11.80 0.10±0.03 0.02±0.03
-1.25 -0.78 -169.91±12.43 346.04±12.32 0.08±0.02 0.04±0.02
-0.78 -0.31 -112.81±11.85 382.12±12.98 0.04±0.02 0.04±0.03
-0.31 0.16 -28.02±11.80 415.85±13.61 0.01±0.02 0.04±0.02
0.16 0.63 68.77±12.25 400.93±12.78 -0.02±0.02 0.04±0.02
0.63 1.10 144.74±11.20 361.90±12.80 -0.06±0.02 0.05±0.02
1.10 1.57 192.30±13.53 330.18±12.11 -0.10±0.03 0.03±0.03
1.57 2.04 208.42±11.86 300.62±12.51 -0.08±0.03 0.03±0.04
2.04 2.51 222.60±12.75 279.00±15.72 -0.09±0.04 0.03±0.05
2.51 2.98 243.41±15.43 253.36±17.05 -0.08±0.05 0.02±0.06
2.98 3.45 261.17±17.56 224.84±28.72 -0.13±0.07 0.05±0.08
3.45 3.92 261.08±17.74 209.80±31.98 -0.10±0.07 0.11±0.11
3.92 4.39 259.14±18.90 186.68±24.86 -0.06±0.08 0.15±0.10
4.39 4.86 269.81±22.35 174.05±25.79 -0.04±0.11 0.14±0.11
4.86 5.80 278.65±14.28 187.11±16.95 -0.11±0.08 0.14±0.06
5.80 6.74 311.25±17.63 153.60±19.84 -0.08±0.10 0.21±0.07
6.74 8.15 280.20±14.37 167.29±21.58 - -
8.15 10.50 257.91±14.26 146.68±23.17 - -
10.50 25.54 235.19±16.47 84.60±45.37 - -
Supplemental Table 2 | The line-of-sight stellar kinematics of NGC 1277 obtained through a 1′′ slit with the LRS11 on the HET. The position angle of the slit is 95
degrees North-East. The instrumental resolution is 108 km s−1 as determined from the night sky lines. Col. (1,2): Begin and end of each spatial bin along the slit. Col.
(3): Mean velocity. Col. (4): Velocity dispersion. Col. (5,6): Gauss-Hermite Moments h3 and h4.
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